INTRODUCTION {#SEC1}
============

In small RNA-mediated gene silencing, Argonaute (Ago) proteins play key roles by directly binding to microRNAs (miRNAs) or small interfering RNAs (siRNAs) (reviewed in [@B1],[@B2]). GW182 family proteins are shown to be necessary for miRNA-mediated RNA silencing, hereafter referred to as miRNA silencing, in animals (reviewed in [@B3],[@B4]). They interact with Ago proteins via their N-terminal regions containing multiple glycine-tryptophan (GW) repeats ([@B5]--[@B10]). On the other hand, their C-terminal regions, called as silencing domain, recruit cytoplasmic poly(A)-binding protein 1 (PABPC1), the PAN2-PAN3 and CCR4-NOT deadenylase complexes, leading to translational repression and mRNA degradation of miRNA-targeted mRNAs ([@B4],[@B11]--[@B17]).

In human HEp-2, HeLa, and many other cell lines, a human GW182 family protein, TNRC6A, is known to be localized mainly in the processing (P) bodies ([@B18]--[@B20]), which are cytoplasmic foci that contain proteins involved in mRNA degradation, storage, and translational repression (reviewed in [@B21]). However, recently we found a nuclear localization signal (NLS) and a nuclear export signal (NES) in the central region of TNRC6A and showed that it is a nuclear--cytoplasmic shuttling protein and its subcellular localization is regulated by its own NLS and NES ([@B10]). In good agreement with our previous result, several of recent reports have suggested that human GW182 proteins might function in the nucleus as well as in the cytoplasm. Chromatin silencing and alternative splicing, or transcriptional control targeting promoter RNA of inflammatory pathway genes is shown to be associated with RNA silencing factors in the nucleus ([@B10],[@B22]--[@B24]). Furthermore, immunohistochemical analyses of several human cancers, such as gastric, colorectal, prostate and esophageal cancers, show the strong nuclear localization of TNRC6A ([@B25],[@B26]). Thus, the actual subcellular localization is different due to the cell types, and the molecular machinery involved in specification of the subcellular localization of TNRC6A remained unknown.

In our previous report, we showed that TNRC6A protein with NES mutations (TNRC6A-NES-mut) is predominantly localized in the nucleus, due to the defect of the cytoplasmic export machinery via its NES ([@B10]). Regarding the further controlling mechanism of TNRC6A subcellular localization, in this paper, we show that, when wild-type Ago proteins are overexpressed, TNRC6A-NES-mut proteins are tethered in P bodies by direct binding to abundant amount of Ago proteins, but they are not tethered by Ago2 mutant protein deficient for binding to small RNA and also TNRC6A protein. These results suggest that TNRC6A protein is tethered by the excessive amount of Ago proteins in the P bodies through Ago-bound small RNAs, which is considered to form base-pairing with complementary RNAs in the P bodies. Our results strongly suggest that the nuclear-cytoplasmic shuttling of TNRC6A is mechanistically regulated by its own NLS and NES, but its subcellular localization is substantially determined by the comparative expression level of cellular Ago proteins. Furthermore, it was revealed that the cytoplasmic TNRC6A protein enhances miRNA silencing activity when excessive amount of Ago proteins were expressed, although TNRC6A overexpression repressed both RNA interference (RNAi) and miRNA silencing activity with low level of Ago2 protein in the cytoplasm.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmid construction {#SEC2-1}
--------------------

The expression plasmids of pmyc-GFP, a full-length TNRC6A, pmyc-GFP-TNRC6A, and its derivatives were constructed as described previously ([@B10]). pIRESneo-FLAG/HA-Ago1, -Ago2, -Ago3, and -Ago4 ([@B27]) were kindly provided by Dr Thomas Tuschl through Addgene, and designated as pFLAG/HA-Ago1, -Ago2, and -Ago3, respectively, in this study. For construction of pFLAG/HA-FL, FL cDNA was amplified from firefly luciferase gene in pGL3-Control (Promega) by PCR using primers (5′- AAAAGGAAAAGCGGCCGCATGGAAGACGCCAAAAACATAAAG-3′ and 5′-AAAGGGGAATTCTTACACGGCGATCTTTCCGCCCT-3′). The amplified product was digested with NotI and EcoRI, and ligated with NotI/EcoRI-digested fragment of pFLAG/HA-Ago2. For construction of an empty vector, pFLAG/HA, an untagged Ago2 expression construct, pAgo2, and pFLAG/HA-Ago2-Y529E encoding Ago2 with a substitution from tyrosine to glutamic acid at amino acid residue 529, the linear fragments with such deletions or mutations were amplified from pFLAG/HA-Ago2 by PCR using primers (5′-TGAGAATTCAGTGGATCCACTAGTAACGG-3′ and 5′-GCGGCCGCTAGCGTAATCGGGCACG-3′ for pFLAG/HA, 5′-CATGGCGGCGGCGATATCGATCCG-3′ and 5′- TACTCGGGAGCCGGCCCCGCACTTG-3′ for pAgo2, and 5′-GCCGAGGTCAAGCGCGTGGGAGAC-3′ and 5′- TTCCACGGGCGTCTTGCCGGGCAGGATG-3′ for pFLAG/HA-Ago2-Y529E), and self-ligated.

FLAG/HA-Dcp1 expression plasmid was constructed as follows: At first, both strands of chemically synthesized oligonucleotides for FLAG and HA tags (5′- CTAGCCCACCATGGACTACAAGGACGACGATGACAAGTACCCTTATGACGTGCCCGATTACGCTA-3′ and 5′- AGCTTAGCGTAATCGGGCACGTCATAAGGGTACTTGTCATCGTCGTCCTTGTAGTCCATGGTGGG-3′) were annealed and inserted into NheI and HindIII sites in pcDNA3.1-myc-Dicer ([@B28]) to generate pcDNA3.1-FLAG/HA-Dicer. A fragment of Dcp1 CDS region was then amplified using cDNA from HEK293 cells by primers (5′-AAAGGGCTCGAGATGGAGGCGCTGAGTCGAGCTG-3′ and 5′-AAAAGGAAAAGCGGCCGCTCATAGGTTGTGGTTGTCTTTGTTC-3′), and a FLAG/HA-containing vector fragment was amplified from pcDNA3.1-FLAG/HA-Dicer using primers (5′-AAAAGGAAAAGCGGCCGCTCTAGAGGGCCCGTTTAAACCCG-3′ and 5′- AAAGGGCTCGAGAGCGTAATCGGGCACGTCATAAGG-3′) for deleting Dicer region. Both fragments were digested with XhoI and NotI, and ligated. For construction of FLAG/HA-RCK/p54 expression plasmid, pFLAG/HA-RCK/p54, a cDNA fragment of RCK/p54 CDS region was amplified using cDNA purified from HEK293 cells by primers (5′- AAAGGGAAGCTTATGAGCACGGCCAGAACAGAGAAC-3′ and 5′-AAAGGGTCTAGATTAAGGTTTCTCATCTTCTACAGGC-3′). Amplified RCK/p54 fragment was digested with HindIII and XbaI, and ligated with HindIII/XbaI-digested fragment of pcDNA3.1-FLAG/HA-Dicer.

The expression constructs of chemokine (C-X-C motif) receptor 4 (CXCR4) shRNA and control DsRed shRNA, named pSUPER-CXCR4 and pSUPER-DsRed, respectively, were constructed as described previously ([@B10]). The plasmid expressing *Renilla* luciferase harboring a perfectly complementary target site or four target sites with a central bulge for CXCR4 siRNA in its 3′ UTR, psiCHECK-CXCR4-perfect-match (PM) or psiCHECK-CXCR4-mismatch (MM) 4×, was constructed by inserting a pair of annealed oligonucleotides (5′-TCGAGAAGTTTTCACTCCAGCTAACAG-3′ and 5′-AATTCTGTTAGCTGGAGTGAAAACTTC-3′) or two pairs of annealed oligonucleotides to form a tandem insertion with four target sites (5′-TCGAGAAGTTTTCACAAAGCTAACAAGTCAAGTTTTCACAAAGCTAACA-3′ and 5′-TTGACTTGTTAGCTTTGTGAAAACTTGACTTGTTAGCTTTGTGAAAACTTC-3′, and 5′-AGTCAAGTTTTCACAAAGCTAACAAGTCAAGTTTTCACAAAGCTAACAG-3′ and 5′-AATTCTGTTAGCTTTGTGAAAACTTGACTTGTTAGCTTTGTGAAAAC-3′), respectively, into the XhoI/EcoRI sites of psiCHECK-1 (Promega).

Cell culture {#SEC2-2}
------------

HeLa cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM; Invitrogen) with 10% fetal bovine serum (FBS; Sigma) at 37°C with 5% CO~2~. Transfection was conducted using Lipofectamine 2000 (Invitrogen) or polyethylenimine MAX (Polysciences) ([@B29]). For Leptomycin B (LMB; Calbiochem) treatment, 2 days after transfection, HeLa cells were washed twice with DMEM with 10% FBS and incubated in DMEM with 10% FBS containing 10 ng/ml LMB or the same volume of solvent for 4 or 8 h.

Fluorescence microscopy {#SEC2-3}
-----------------------

HeLa cells were inoculated on a glass coverslip in a well of a 12-well culture plate at 1 × 10^5^ cells/ml/well at 1 day before transfection. Total amount of transfected plasmids per well was 0.5 or 1.0 μg/well in any combinations of used plasmids. At 2 days after transfection, cells were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde at room temperature for 15 min. The antibody staining was essentially performed as previously reported ([@B30]). Briefly, the fixed cells permeabilized with PBS containing 0.2% Triton X-100 were incubated with the first antibody (1:400--800 dilution) in PBS, and this was followed by treatment with the second antibody (1:400 dilution) in PBS. The cells were mounted in ProLong Gold antifade reagent with DAPI (Invitrogen) and observed under a Zeiss Axiovert 200 fluorescence microscope, using a ×63 objective lens. Quantification of fluorescence microscopy images was performed using ImageJ software (NIH). The first antibodies used for staining the cells were as follows: anti-human AGO2 monoclonal antibody, 4G8 (Wako), Living Colors Full-Length Aequorea victoria polyclonal GFP antibody (Clontech), mouse monoclonal antibody to Dcp1a (Abcam; ab57654), anti-Rck/p54 polyclonal antibody (MBL), anti-HA-tag antibody, 561 (MBL) and anti-HA-tag antibody, TANA2 (MBL). The second antibodies were as follows: FITC-conjugated goat anti-rabbit IgG (Jackson Immunoresearch Laboratories), FITC-conjugated goat anti-mouse IgG (Jackson Immunoresearch Laboratories), Cy5-conjugated goat anti-rabbit IgG (Jackson Immunoresearch Laboratories), and Mouse IgG, Cy5-linked (from goat) (GE Healthcare).

Western blot {#SEC2-4}
------------

Cells were lysed with ice-cold lysis buffer (10 mM Hepes--NaOH \[pH 7.9\], 1.5 mM MgCl~2~, 10 mM KCl, 140 mM NaCl, 0.5 mM DTT, 1 mM EDTA, 1 mM Na~3~VO~4~, 10 mM NaF, 0.5% NP40, and 1× complete protease inhibitor cocktail \[Roche\]) on ice for 30 min and centrifuged. Protein concentration of the supernatant was measured using a Bio-Rad protein assay kit with bovine serum albumin as the standard. Samples were separated by SDS-PAGE and the gels were transferred to PVDF membranes using a Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were blocked for 1 h in TBST (20 mM Tris--HCl \[pH 7.5\], 150 mM NaCl, and 0.1% Tween-20) supplemented with 5% skim milk (Difco) and washed once with TBST. Following incubation with the first antibody (1:500--2000 dilution) in TBST at 4°C overnight, the membranes were washed three times with TBST and treated with the second antibody (1:10 000 dilution) in TBST. After being washed three times with TBST, the membranes were incubated with ECL Prime Western Blotting Detection Reagent (GE Healthcare) and signals were detected by an ImageQuant LAS 4000 (GE Healthcare). The first antibodies used for western blot were as follows: anti-human AGO2 monoclonal antibody, 4G8, Living Colors Full-Length Aequorea victoria polyclonal GFP antibody, monoclonal ANTI-FLAG M2 antibody (Sigma), DYKDDDDK Tag Antibody (Cell Signaling Technology), mouse anti-lamin A/C monoclonal antibody (BD Transduction Laboratories), rabbit anti-GW182 (TNRC6A) antibody (Bethyl; A302-329A), and monoclonal anti-alpha tubulin antibody (ICN/CAPPEL Biomedicals). The second antibodies were as follows: ECL anti-mouse IgG, horseradish peroxidase linked whole antibody (GE Healthcare) and ECL anti-rabbit IgG, horseradish peroxidase linked whole antibody (GE Healthcare).

Cell fractionation {#SEC2-5}
------------------

Nuclear and cytoplasmic fractions were isolated using NE-PER Nuclear and Cytoplasmic Extraction Reagent (Thermo scientific) according to the manufacturer\'s recommendation.

Immunoprecipitation {#SEC2-6}
-------------------

Cells were plated in 9-cm dish at 2 × 10^6^ cells/10 ml one day before transfection. For the experiment of Supplementary Figure S6, 5 μg of pFLAG/HA-FL or pFLAG/HA-Ago2 and 5 μg of pmyc-GFP-TNRC6A-NES-mut were transfected into the cells. Two days after transfection, cells were washed once with PBS and lysed with ice-cold lysis buffer. Lysates were centrifuged at 20 000 *g* for 10 min at 4°C, and the supernatants were centrifuged at 48 000 *g* for 30 min at 4°C. Thirty μl of protein A agarose (MILLIPORE) was equilibrated with 500 μl of lysis buffer and incubated with 2.5 μg of an anti-GFP antibody in lysis buffer for 1 h at 4°C. Then the cell lysates were added to the antibody-bound protein A agarose and incubated with constant rotation for 2 h at 4°C. The beads were washed twice with the lysis buffer containing 300 mM NaCl, once with lysis buffer, and resuspended in 40 μl of 2 × SDS sample buffer. Bound proteins were eluted by boiling the beads for 5 min and separated by SDS-PAGE.

For analyses of Ago-bound miRNAs, 10 μg of pFLAG/HA, pFLAG/HA-Ago2-WT or -Y529E were transfected into the cells. Two days after transfection, cells lysates were prepared as described above and incubated with 60 μl ANTI-FLAG M2 affinity gel (Sigma) with constant rotation for 2 h at 4°C. The beads were washed twice with the lysis buffer containing 300 mM NaCl and once with the lysis buffer. Sixty percent of beads were used for RNA extraction, and the remaining beads were used for protein analysis. Bound proteins were eluted by boiling the beads for 5 min and separated by SDS-PAGE. Quantification of Ago-bound miRNAs was performed as previously reported ([@B10]).

For the experiment of Figure [6G](#F6){ref-type="fig"}, 2 μg of pFLAG/HA, pFLAG/HA-Ago2-WT or -Y529E along with 8 μg of the expression construct of myc-GFP tagged proteins were transfected into the cells. Two days after transfection, cells lysates were prepared as described above and incubated with 60 μl ANTI-FLAG M2 affinity gel with constant rotation for 2 h at 4°C. The beads were washed three times with the lysis buffer, and resuspended in 40 μl of 2 × SDS sample buffer.

Transfection of small RNA duplexes {#SEC2-7}
----------------------------------

Fifty picomol/well of small RNA duplexes were transfected into HeLa cells simultaneously or one day after transfection with 0.5 μg/well of pmyc-GFP-TNRC6A-NES-mut. RNA oligonucleotides purchased from Sigma were as follows: siControl (5′-CGUACGCGGAAUACUUCGAUU-3′and 5′-UCGAAGUAUUCCGCGUACGUG-3′); miR-200b (5′-UAAUACUGCCUGGUAAUGAUGA-3′and 5′-CAUCUUACUGGGCAGCAUUGGA-3′); and let-7b (5′-UGAGGUAGUAGGUUGUGUGGUU-3′and 5′-CUAUACAACCUACUGCCUUCCC-3′).

Gene silencing activity assay {#SEC2-8}
-----------------------------

HeLa cells were plated at 1.0 × 10^5^ cells/well in a well of a 24-well plate at 1 day before transfection. Cells were simultaneously transfected with psiCHECK-CXCR4-PM or -MM 4× (10 ng/well), pGL3-Control (100 ng/well; Promega) encoding firefly luciferase gene, 100 ng/well of shRNA expression construct (pSUPER-CXCR4 or pSUPER-DsRed) or 50 pmol/well of siRNA (siCXCR4 or control siGY441 or siDsRed), the indicated amount of pFLAG/HA or pFLAG/HA-Ago2, pmyc-GFP and/or pmyc-GFP-TNRC6A or its mutant expression constructs. The cells were harvested 48 h after the transfection, and the relative *Renilla*/firefly luciferase activity was determined using a Dual-Luciferase Reporter Assay System (Promega). RNA sequences of siRNAs were as follows: siCXCR4 (5′-UGUUAGCUGGAGUGAAAACUU-3′ and 5′-GUUUUCACUCCAGCUAACACA-3′); siGY441 (5′-AUGAUAUAGACGUUGUGGCUG-3′ and 5′-GCCACAACGUCUAUAUCAUGG-3′); siDsRed (5′-UUCUUCUGCAUUACGGGGCGG -3′ and 5′-GCCCCGUAAUGCAGAAGAAGA-3′).

RESULTS {#SEC3}
=======

Overexpression of Ago proteins inhibits the nuclear transport of TNRC6A {#SEC3-1}
-----------------------------------------------------------------------

Previously we reported that human TNRC6A is a nuclear--cytoplasmic shuttling protein, and its subcellular localization is intrinsically regulated by its own NLS and NES ([@B10]). In accordance with this finding, TNRC6A protein with NES mutation (TNRC6A-NES-mut) was predominantly localized in the nucleus in human HeLa cells ([@B10]). However, when Ago proteins were overexpressed with TNRC6A-NES-mut, we noticed that majority of TNRC6A-NES-mut proteins were colocalized with Ago proteins in the cytoplasm, and rarely localized in the nucleus (Figure [1](#F1){ref-type="fig"}). The result suggests that Ago proteins substantially govern the subcellular localization of TNRC6A.

![Overexpression of Ago proteins inhibits the nuclear transport of the dotted foci of GFP-signals of myc-GFP-TNRC6A-NES-mut proteins. (**A**--**D**) HeLa cells expressing myc-GFP-TNRC6A-NES-mut with either of the indicated proteins, FLAG/HA-FL (A), -Ago1 (B), -Ago2 (C), or -Ago3 (D), were stained with an anti-HA antibody, followed by Cy5-conjugated anti-mouse IgG. Fluorescent images are shown from the left: GFP signals of myc-GFP-TNRC6A-NES-mut; Cy5 signals of the second antibody against anti-HA antibody; the merged images of GFP and Cy5, in which GFP is shown in green, the Cy5 in magenta; the merged images with DAPI (blue). Bars, 20 μm. (**E**) The ratio of cells expressing the dotted GFP-signals of myc-GFP-TNRC6A-NES-mut exclusively in the nucleus (N, blue), cytoplasm (C, red), or both (N+C, yellow). (**F**) Western blot of myc-GFP-TNRC6A-NES-mut and control FLAG/HA-FL, or FLAG/HA-tagged Ago1, Ago2, and Ago3 proteins. An anti-tubulin antibody was used as a loading control.](gkv1026fig1){#F1}

To investigate the effect of Ago overexpression on the subcellular localization of TNRC6A-NES-mut protein, 0.5 μg/well of the expression construct of myc-GFP-tagged TNRC6A-NES-mut (pmyc-GFP-TNRC6A-NES-mut) was transfected into HeLa cells with 0.5 μg/well of the expression construct of FLAG- and HA-tagged four types of Ago proteins (pFLAG/HA-Ago1--Ago4) or control firefly luciferase (pFLAG/HA-FL) (Figure [1](#F1){ref-type="fig"}). GFP signals of myc-GFP-TNRC6A-NES-mut in the cells were observed under a fluorescent microscope (Figure [1A](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}), and cells were classified into three groups according to the localizations of the 'dotted foci' with GFP signals at first, that is, those with the dotted GFP signals (i) exclusively in the nucleus, (ii) exclusively in the cytoplasm, and (iii) in both the nucleus and the cytoplasm (Figure [1E](#F1){ref-type="fig"}). When control FLAG/HA-FL was coexpressed with myc-GFP-TNRC6A-NES-mut, the dotted GFP-signal of TNRC6A-NES-mut protein was observed exclusively in the nucleus in 80--90% of the cells (Figure [1A](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}), as observed in the cells exogenously expressing TNRC6A-NES-mut protein alone ([@B10]). In contrast, such a nuclear-specific localization of TNRC6A-NES-mut was not observed under overexpression condition of FLAG/HA-Ago1, -Ago2, or -Ago3 (Figure [1B](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). In \>80% of the cells expressing FLAG/HA-Ago1, -Ago2, or -Ago3, GFP-signal of TNRC6A-NES-mut was observed exclusively in the cytoplasmic foci with Ago proteins (Figure [1B](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). Expression level of FLAG/HA-Ago3 was apparently lower than that of FLAG/HA-Ago1 or -Ago2 (Figure [1F](#F1){ref-type="fig"}), but it might be enough for inhibiting the nuclear transport of TNRC6A-NES-mut protein (Figure [1E](#F1){ref-type="fig"}). The expression level of FLAG/HA-Ago4 was too low to evaluate the effect of Ago4 overexpression on the subcellular localization of TNRC6A (data not shown). Furthermore, GFP signal of TNRC6A-NES-mut protein was observed exclusively in the cytoplasm in most of cells under the overexpression condition of Ago2 proteins without FLAG/HA-tag (Supplementary Figure S1), suggesting that Ago2 protein itself has certain ability to tether TNRC6A-NES-mut in the cytoplasm even when deleting FLAG/HA-tag. In addition, we also reported that the translocation of TNRC6A protein from nucleus to cytoplasm is inhibited by the treatment with LMB, an inhibitor of Exportin 1-dependent nuclear export of TNRC6A ([@B10]). In accordance with such results, when HeLa cells were treated with LMB, clear nuclear accumulation of the dotted GFP-signal of myc-GFP-TNRC6A-WT protein was observed (Supplementary Figure S2B and F). However, in consistent with the result using myc-GFP-tagged TNRC6A-NES-mut (Figure [1C](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}), the nuclear transport of TNRC6A-WT was inhibited by Ago2 overexpression (Supplementary Figure S2C and F). These results clearly indicated that Ago2 overexpression inhibits the nuclear transport of myc-GFP-TNRC6A-WT or myc-GFP-TNRC6A-NES-mut.

We further examined the detailed subcellular distribution of the 'diffused' TNRC6A proteins. For this purpose, we used anti-GFP antibody, which can detect the weak diffused GFP signals of myc-GFP-TNRC6A-NES-mut with the higher sensitivity (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}; [@B10]), and classified the cells into three groups according to the subcellular localization of the diffused signals (Figure [2C](#F2){ref-type="fig"}). In almost all cells expressing control FLAG/HA-FL, most of the diffused signals of myc-GFP-TNRC6A-NES-mut proteins were observed in the nucleus in addition to the dotted foci (Figure [2A](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). In Ago2 overexpression condition, most of the dotted foci of myc-GFP-TNRC6A-NES-mut proteins were also detected in the cytoplasm, and those in the nucleus were rarely observed (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). In about 85% of the cells, the diffused signals of TNRC6A-NES-mut proteins in the cytoplasm were stronger than or equal to those in the nucleus (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). Consistent with these results, the nuclear transport of the diffused myc-GFP-TNRC6A proteins induced by the LMB treatment was also evidently suppressed in Ago2 overexpression condition (Supplementary Figure S3). Thus, these results indicated that the nuclear transport of the diffused myc-GFP-TNRC6A proteins is inhibited by the overexpression of Ago2 protein as well as that of the dotted myc-GFP-TNRC6A proteins.

![Overexpression of Ago proteins inhibits the nuclear transport of the diffused signals of myc-GFP-TNRC6A-NES-mut and endogenous TNRC6A proteins. (**A** and **B**) HeLa cells expressing myc-GFP-TNRC6A-NES-mut with FLAG/HA-FL (A) or -Ago2 (B) were stained with an anti-GFP antibody and an anti-HA antibody, followed by FITC-conjugated anti-rabbit IgG and Cy5-conjugated anti-mouse IgG. Fluorescent images are shown from the left: FITC signals of the second antibody against anti-GFP antibody; Cy5 signals of the second antibody against anti-HA antibody; the merged images of FITC and Cy5, in which FITC is shown in green, the Cy5 in magenta; the merged images with DAPI (blue). Bars, 20 μm. (**C**) The ratio of cells in which the diffused GFP signals of myc-GFP-TNRC6A-NES-mut in the nucleus were stronger than (N\>C, blue), equal to (N = C, yellow), or weaker than (N\<C, red) those in the cytoplasm. (**D**) HeLa cells were inoculated in a well of a 6-well culture plate at 4 × 10^5^ cells/2ml/well at 1 day before transfection. The cells were transfected with FLAG/HA-FL or FLAG/HA-Ago2 plasmid (2.0 μg/well), and re-inoculated at 8 × 10^5^ cells/2ml/well at 1 day after transfection. At 1 day later, the cells were treated with LMB for 8 hr, and fractionated. Fifteen μg of the cytoplasmic fraction (C) or 2.5 μg of the nuclear fraction (N) were analyzed by western blot using an anti-TNRC6A, anti-FLAG, and anti-Ago2 antibodies. Note that HeLa cells endogenously express two isoforms of TNRC6A, ∼210 kDa TNRC6A (NP_055309) and ∼182 kDa TNRC6A (AAK62026) proteins, and that the cytoplasmic fraction was loaded about 1.6-fold compared with the nuclear fraction in each sample. Anti-tubulin and anti-Lamin A/C antibodies were used as a cytoplasmic and a nuclear marker, respectively. Asterisks indicate nonspecific bands. (**E**) The ratio of signal intensities of TNRC6A proteins between the nucleus (N, blue) and the cytoplasm (C, red). Signal intensities of the bands corresponding to ∼210 kDa and ∼182 kDa TNRC6A in *D* were measured and added up in each fraction and converted into total signal intensities based on the volume of the loaded fraction, and the nuclear-cytoplasmic ratio of TNRC6A was calculated. The similar results were obtained by two independent experiments.](gkv1026fig2){#F2}

Next we examined whether overexpression of Ago2 protein inhibits the nuclear transport of endogenous TNRC6A. However, since the amount of endogenous TNRC6A proteins might be too small to detect by immunohistochemical procedures using anti-TNRC6A antibody, we carried out western blot using subcellular fractions of HeLa cells transfected with control pFLAG/HA-FL and pFLAG/HA-Ago2 constructs with or without LMB treatment, and the nuclear-cytoplasmic ratio of the signal intensities of sum of ∼210 kDa and ∼182 kDa TNRC6A in each sample was estimated (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}). In the cells expressing control FLAG/HA-FL, about 35% of total TNRC6A proteins were detected in the nuclear fraction by western blot. However, an apparent increase up to \>60% of endogenous TNRC6A protein was observed in the nuclear fraction with the LMB treatment. On the other hand, only ∼25% of endogenous TNRC6A protein was detected in the nuclear fraction from the cells expressing FLAG/HA-Ago2 without LMB treatment, suggesting that overexpression of Ago2 inhibits the nuclear-cytoplasmic shuttling of endogenous TNRC6A protein. Although the nuclear ratio of TNRC6A protein in the cells expressing FLAG/HA-Ago2 increased after the treatment with LMB up to ∼35%, the ratio was obviously low in comparison with the ratio of the cells expressing FLAG/HA-FL with LMB treatment (∼60%). In the cells transfected with pFLAG/HA-Ago2, overexpressed Ago2 proteins detected by anti-FLAG and anti-Ago2 antibodies were predominantly increased in the cytoplasmic fractions compared to the nucleus fractions (Figure [2D](#F2){ref-type="fig"}). These results indicated that the nuclear transport of endogenous TNRC6A was also inhibited by Ago2 overexpression.

These results also indicate that overexpression of Ago proteins inhibits the nuclear transport of TNRC6A.

Inhibition of TNRC6A nuclear transport is dependent on Ago2 expression level {#SEC3-2}
----------------------------------------------------------------------------

Nuclear transport of TNRC6A protein was inhibited by the overexpression of Ago proteins. Thus, it was considered that the expression levels of Ago proteins may control TNRC6A subcellular localization. To test the effects of the amount of Ago protein for TNRC6A subcellular localization, the different amount of pFLAG/HA-Ago2 was transfected into HeLa cells with a definite amount of pmyc-GFP-TNRC6A-NES-mut (0.5 μg), and the subcellular localization of myc-GFP-TNRC6A-NES-mut was examined (Figure [3A](#F3){ref-type="fig"} and Supplementary Figure S4). Although we could not distinguish endogenous Ago2 protein from FLAG/HA-Ago2 by western blot due to the indistinguishable overlapped band, Ago2 level detected by an anti-Ago2 antibody was upregulated according to the increased amount of the transfected plasmid, pFLAG/HA-Ago2 (Figure [3A](#F3){ref-type="fig"}; the first panel). The increase in Ago2 protein is assumed to be originated from the transfected plasmid, pFLAG/HA-Ago2, since Ago2 protein detected by anti-FLAG antibody was also upregulated according to the increased amount of the transfected pFLAG/HA-Ago2 (Figure [3A](#F3){ref-type="fig"}; the second panel). In well-agreement with the upregulation of Ago2 protein, the ratio of cells, in which GFP-signal of TNRC6A-NES-mut was localized predominantly in the nucleus, decreased and that, in which that of TNRC6A-NES-mut was observed in the cytoplasm, increased (Figure [3A](#F3){ref-type="fig"}; the lowest panel and Supplementary Figure S4). This result suggests that inhibition of TNRC6A nuclear transport is subjected by Ago2 expression level.

![Effects of different expression levels of Ago2 on the subcellular localization of TNRC6A-NES-mut protein. (**A**) *Upper four panels*, HeLa cells were transfected with pmyc-GFP-TNRC6A-NES-mut (0.5 μg) and the mixture of pFLAG/HA-Ago2 and pFLAG/HA-FL (total amount = 0.5 μg). Cell lysates were analyzed by western blot. Note that endogenous Ago2 (∼97 kDa) and FLAG/HA-Ago2 (∼100 kDa) proteins were detected as one overlapped band in the first panel, since they could not be separated in a 4--20% gel. *Lowest panel*, the ratio of cells expressing GFP-signal of myc-GFP-TNRC6A-NES-mut exclusively in the nucleus (N, blue), cytoplasm (C, red), or both (N+C, yellow). Typical fluorescent microscopy images are shown in Supplementary Figure S4. (**B**) Estimation of Ago2 protein level by fluorescent microscopy images. HeLa cells were transfected with pmyc-GFP-TNRC6A-NES-mut (0.5 μg) and the mixture of pFLAG/HA-Ago2 and pFLAG/HA-FL (total amount = 0.5 μg). Cells were stained with an anti-Ago2 antibody. Cells, in which no GFP signals were observed, were categorized as undetected (U), and others were classified by the subcellular localization of GFP-signal of myc-GFP-TNRC6A-NES-mut; exclusively in the nucleus (N), cytoplasm (C), or both (N+C). Data represents the mean ratio of Ago2 signal intensities ± standard deviation. The average signal intensity of Ago2 in the cells in which no GFP signals were not detected in the sample without transfection of pFLAG/HA-Ago2 (pFLAG/HA-Ago2, 0 mg, U) was set to 1. \**P* \< 0.0001, *t*-test. *n*, the number of quantified cells. Typical fluorescent microscopy images are shown in Supplementary Figure S5.](gkv1026fig3){#F3}

Next, we estimated the expression level of Ago2 protein necessary for anchoring TNRC6A in the cytoplasm in individual cells, because the amount of Ago2 protein is presumed to differ in each cell according to the subcellular localization of TNRC6A-NES-mut protein. When cells were transfected with 0.01 or 0.005 μg/well of pFLAG/HA-Ago2, GFP-signal of TNRC6A-NES-mut protein was exclusively observed in the nucleus in about 45% or 55% of the cells, respectively, exclusive cytoplasmic localization of GFP-signal of TNRC6A-NES-mut protein was observed in 20% or 15% of the cells, and in the remaining 35% or 30% of the cells, GFP-signal of TNRC6A-NES-mut was localized in both nucleus and cytoplasm (Figure [3A](#F3){ref-type="fig"}; the lowest panel). These cells were stained with an anti-Ago2 antibody, and Ago2 signal intensities of individual cells were quantified from fluorescent microscopy images: The Ago2 signal intensity was counted by subtracting the average signal intensity of the control cells stained with a secondary antibody alone from the signal intensity of the cells stained with the anti-Ago2 antibody, and the ratio of mean Ago2 signal intensity relative to that in the control cells was calculated. For control cells, we used cells transfected with neither pmyc-GFP-TNRC6A-NES-mut nor pFLAG/HA-Ago2, which may represent the cells with no GFP signals (Figure [3B](#F3){ref-type="fig"} and Supplementary Figure S5). The ratios of average Ago2 signal intensities among the cells without GFP signals even when pFLAG/HA-Ago2 was transfected at 0.01 or 0.005 μg/well were almost similar level at about '1' relative to the control cells (Figure [3B](#F3){ref-type="fig"}; pFLAG/HA-Ago2, 0 μg, 0.005 μg and 0.01 μg, U), suggesting that both of pmyc-GFP-TNRC6A-NES-mut and pFLAG/HA-Ago2 plasmids were not successfully introduced into these cells. The ratio of average signal intensity of Ago2 in the cells in which TNRC6A-NES-mut protein is localized in the cytoplasm increased approximately 2-fold compared to those in the control cells (Figure [3B](#F3){ref-type="fig"}; pFLAG/HA-Ago2, 0.005 μg and 0.01 μg, C). Modest increases were observed in the cells in which TNRC6A-NES-mut protein was localized both in the nucleus and cytoplasm (Figure [3B](#F3){ref-type="fig"}; pFLAG/HA-Ago2, 0.005 μg and 0.01 μg, N+C). In contrast, such an increase was not observed in the cells in which GFP signal of TNRC6A-NES-mut was exclusively observed in the nucleus (Figure [3B](#F3){ref-type="fig"}; pFLAG/HA-Ago2, 0 μg, 0.005 μg and 0.01 μg, N). Average signal intensity of Ago2 proteins in all the cells used for transfection with 0.005 μg/well of pFLAG/HA-Ago2 was 1.31-fold compared with that of the untransfected cells, consistent with the estimation by western blot (1.38 ± 0.08-fold, two independent experiments), indicating that the Ago2 signal intensity quantified from fluorescent microscopy images reflected the Ago2 protein expression level. These results suggest that Ago2 protein increased to at least ∼2-fold may exhibit the inhibitory ability of nuclear transport of TNRC6A in HeLa cells.

Ago-binding GW motif in TNRC6A is necessary for cytoplasmic anchoring of TNRC6A protein {#SEC3-3}
---------------------------------------------------------------------------------------

It has been reported that N-terminal GW-repeats of GW182 family proteins requires for their interaction with Ago proteins ([@B5]--[@B10]). Human TNRC6A has three GW-repeated Ago-binding motifs, GW-I, -II, and -III (Figure [4A](#F4){ref-type="fig"}), and GW-I and -II interact with Ago2 with strong affinities compared to GW-III ([@B9],[@B10]). A TNRC6A mutant lacking both GW-I and -II motifs (TNRC6A-del.GW-I+II) dramatically reduces the interaction with Ago2, and its mutant lacking three GW motifs (TNRC6A-del.GW-I+II+III) shows no or little binding to Ago2 ([@B10]).

![TNRC6A is anchored in the cytoplasmic foci via its Ago-binding GW motifs. (**A**) Schematic representation of the domain structure of TNRC6A and its mutant proteins. GW-I, -II, and -III (black boxes), GW-repeated Ago-binding motifs. Q-rich (a green box), a glutamine-rich region. PAM2 (a magenta box), a poly(A)-binding protein binding motif 2 (PAM2). RRM (an orange box), RNA recognition motif. (**B**) The ratio of cells expressing GFP-signal of the indicated myc-GFP-TNRC6A mutant proteins exclusively in the nucleus (N, blue), cytoplasm (C, red), or both (N+C, yellow). (**C**--**E**) Fluorescent microscopy images of HeLa cells expressing the indicated myc-GFP-TNRC6A mutant protein with FLAG/HA-Ago2. Cells were stained with an anti-HA antibody. Bars, 20 μm.](gkv1026fig4){#F4}

At first, to investigate whether interaction of TNRC6A with Ago2 in the normal condition without Ago2 overexpression is saturated or not, the amounts of Ago2 protein associated with TNRC6A-NES-mut in the normal and Ago2 overexpression conditions in HeLa cells were determined by immunoprecipitation. Under the Ago2 overexpression condition, more abundant amount of Ago2 protein was immunoprecipitated with TNRC6A-NES-mut compared to the normal condition without Ago2 overexpression (Supplementary Figure S6), suggesting that the amount of TNRC6A-interacting Ago2 protein is not saturated and more abundant Ago2 protein can interact with TNRC6A.

Then, to investigate that the interaction between TNRC6A and Ago via GW motifs is required for the anchoring TNRC6A in the cytoplasm by Ago overexpression, we observed the subcellular localization of myc-GFP-TNRC6A-NES-mut lacking each or combinations of GW-I, -II, and -III motifs under overexpression condition of Ago2. In the cells coexpressing myc-GFP-TNRC6A-NES-mut proteins deleting GW-I, -II, -III, -II+III, or -I+III (myc-GFP-TNRC6A-del.GW-I, -II, -III, -II+III, or -I+III-NES-mut) and FLAG/HA-Ago2, GFP signals were mainly observed in the cytoplasm in more than 90% of the cells (Figure [4A](#F4){ref-type="fig"}-[C](#F4){ref-type="fig"}). However, when pmyc-GFP-TNRC6A-del.GW-I+II-NES-mut, the expression construct of myc-GFP-TNRC6A-NES-mut protein deleting both GW-I and -II, was transfected with pFLAG/HA-Ago2, GFP signals were detected in the cytoplasm in ∼50% of the cells (Figure [4B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). Furthermore, myc-GFP-TNRC6A-del.GW-I+II+III-NES-mut (Figure [4B](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}), in which all of three GW motifs, GW-I, -II, and -III, were deleted, were extremely observed in the nucleus in about 90% of the cells, even when FLAG/HA-Ago2 was coexpressed. Similar results were observed by the transfection of pmyc-GFP-TNRC6A lacking each or combinations of GW-I, -II, and -III motifs with pFLAG/HA-Ago2, followed by LMB treatment (Supplementary Figure S2A and D--F). These results indicate that TNRC6A can be anchored in the cytoplasm via GW motif(s) under the overexpression condition of Ago2. And at least one of three GW motifs is enough for tethering TNRC6A protein in Ago2 overexpression condition, although the ability of GW-III to tether TNRC6A in the cytoplasm is weaker than those of others probably due to its weak binding ability to Ago2 protein.

Cytoplasmic TNRC6A and Ago2 protein are co-localized with P body markers {#SEC3-4}
------------------------------------------------------------------------

In the cells expressing abundant amount of Ago proteins, TNRC6A-NES-mut was co-localized with Ago proteins in the cytoplasmic foci (Figure [1B](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). The size of such foci increased according to the amount of transfected Ago2 expression constructs (Supplementary Figures S1A--C and S4). Previously we showed that cytoplasmic myc-GFP-TNRC6A is colocalized with P body marker proteins, Dcp1 and RCK/p54 ([@B10]). To investigate whether the foci containing both TNRC6A-NES-mut and FLAG/HA-Ago proteins are P bodies, the cells transfected with the expression plasmids of myc-GFP-TNRC6A-NES-mut and FLAG/HA-Ago2 were stained by the antibody of Dcp1 or RCK/p54 (Supplementary Figure S7). All of the foci containing myc-GFP-TNRC6A-NES-mut proteins were revealed to be colocalized with FLAG/HA-Ago2, Dcp1 or RCK/p54, suggesting that the cytoplasmic foci containing both TNRC6A-NES-mut and Ago2 are P bodies.

Next, we tested the effect of Dcp1 or RCK/p54 overexpression on the subcellular localization of TNRC6A-NES-mut. In any cells transfected with Dcp1 or RCK/p54 expression construct, the exclusive cytoplasmic localization of GFP-signal of TNRC6A-NES-mut was not observed (Figure [5](#F5){ref-type="fig"}). In this condition, endogenous Ago2 was localized in the cytoplasmic foci with Dcp1 and RCK/p54 (date not shown). The result suggests that Dcp1 or RCK/p54 is not able to inhibit the nuclear transport of TNRC6A unlike Ago proteins.

![Overexpression of Dcp1 or RCK/p54 does not inhibit the nuclear transport of TNRC6A. (**A** and **B**) Fluorescent microscopy images of HeLa cells expressing myc-GFP-TNRC6A-NES-mut along with FLAG/HA-Dcp1 (A) or FLAG/HA-RCK/p54 (B). Cells were stained with an anti-HA antibody, followed by Cy5-conjugated anti-mouse IgG. Bars, 20 μm. (**C**) The ratio of cells expressing GFP-signal of myc-GFP-TNRC6A-NES-mut exclusively in the nucleus (N, blue), cytoplasm (C, red), or both (N+C, yellow). (**D**) Western blot of myc-GFP-TNRC6A-NES-mut and FLAG/HA-tagged proteins. An anti-tubulin antibody was used as a loading control.](gkv1026fig5){#F5}

Small RNA binding-deficient Ago2 is not able to anchor TNRC6A protein in the cytoplasm {#SEC3-5}
--------------------------------------------------------------------------------------

The amount of Ago2 protein interacted with TNRC6A was revealed to be increased by Ago2 overexpression (Supplementary Figure S6), and TNRC6A is considered to be tethered via interaction with Ago2 in the cytoplasmic P bodies (Figure [4](#F4){ref-type="fig"} and Supplementary Figure S2). Thus, it was speculated that Ago2 proteins are anchored to the P bodies by unidentified interacting molecule(s) other than TNRC6A, which could assemble Ago2 proteins as foci. One of the possible mechanisms may be small RNA-mediated interaction with other molecules, such as mRNAs. To investigate such possibility, we used Ago2 mutant (Ago2-Y529E), which is shown to be impaired in small RNA binding and localization in P body by the substitution of tyrosine to glutamic acid at position 529 amino acid, which is located in the binding pocket of Ago2 with 5′-end of small RNA ([@B31],[@B32]). We purified RNAs from immunoprecipitates of the cells transfected with wild-type Ago2 or Ago2-Y529E expression constructs (pFLAG/HA-Ago2-WT or pFLAG/HA-Ago2-Y529E), and performed RT-PCR for measuring the amount of typical miRNAs, miR-21 and let-7g. As previously described, the amount of miRNAs associated with Ago2-Y529E was low at less than 10% compared to that with Ago2-WT (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}), and Ago2-Y529E was not localized in the P bodies (Supplementary Figure S8). Under overexpression condition of Ago2-Y529E, GFP-signal of TNRC6A-NES-mut was observed exclusively in the nucleus in \>80% cells, although TNRC6A-NES-mut was predominantly localized in the cytoplasm when the expression level of Ago2-WT was similar to that of Ago2-Y529E (Figure [6C](#F6){ref-type="fig"}--[F](#F6){ref-type="fig"}). Although immunoprecipitation experiments revealed that the interaction of TNRC6A-NES-mut with Ago2-Y529E was evidently reduced compared to that with Ago2-WT, this interaction was slightly stronger than the interaction between TNRC6A-del.GW-I+II-NES-mut and Ago2-WT (Figure [6G](#F6){ref-type="fig"}). Furthermore, in the absence of TNRC6A overexpression, the overexpression of Ago2-WT formed large P-bodies but Ago2-Y529E could not form such P-bodies (Supplementary Figure S8). Thus, it is considered that predominant nuclear localization of TNRC6A-NES-mut under overexpression condition of Ago2-Y529E should be mainly due to impaired binding of Ago2-Y529E to small RNAs, although a negligible effect of weak interaction between TNRC6A-NES-mut and Ago2-Y529E may be included. Thus, our results strongly suggest that the cytoplasmic anchoring of TNRC6A by Ago2 overexpression may require small RNAs loaded on Ago2 proteins.

![Overexpression of small RNA binding-deficient Ago2 protein does not Inhibit the nuclear transport of TNRC6A.(**A**) Cell lysates from HeLa cells transfected with empty vector (pFLAG/HA), pFLAG/HA-Ago2-WT, or pFLAG/HA-Ago2-Y529E were immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates (IP) and cell lysates (input) were analyzed by western blot. (**B**) MiRNAs contained in the immunoprecipitates of (A) was quantified by real-time PCR. Data are the mean and standard deviation of the triplicate measurements. (**C** and **D**) Fluorescent microscopy images of HeLa cells expressing myc-GFP-TNRC6A-NES-mut along with FLAG/HA-Ago2-WT (C) or -Y529E (D). Cells were stained with an anti-HA antibody. Bars, 20 μm. (**E**) The ratio of cells expressing GFP-signal of myc-GFP-TNRC6A-NES-mut exclusively in the nucleus (N, blue), cytoplasm (C, red), or both (N+C, yellow). (**F**) Western blot of myc-GFP-TNRC6A-NES-mut and FLAG/HA-Ago2-WT or -Y529E. (**G**) Cell lysates from HeLa cells expressing myc-GFP-TNRC6A-NES-mut or myc-GFP-TNRC6A-NES-mut-del.GW-I+II along with FLAG/HA, FLAG/HA-Ago2-WT or -Y529E were immunoprecipitated with an anti-FLAG antibody. IPs and inputs were analyzed by western blot.](gkv1026fig6){#F6}

Transfection of small RNAs does not affect the subcellular localization of TNRC6A-NES-mut {#SEC3-6}
-----------------------------------------------------------------------------------------

Above result indicates that interactions between Ago2 and small RNAs are important for the anchoring of TNRC6A in the cytoplasmic P bodies. Therefore, we investigated whether transfection of small RNAs affect the subcellular localization of TNRC6A-NES-mut. One day after transfection with pmyc-GFP-TNRC6A-NES-mut, small RNA duplexes were transfected into the cells (Supplementary Figure S9). Transfection of siRNA or miRNA duplexes did not affect the subcellular localization of GFP-signal of TNRC6A-NES-mut. Same results were obtained by the simultaneous transfection with pmyc-GFP-TNRC6A-NES-mut and small RNA duplexes (data not shown). These results suggest that, since the intracellular machinery that processes small RNAs is considered to be saturated ([@B33],[@B34]), the transfection of small RNAs does not increase the amount of small RNAs loaded on Ago proteins in the cells.

The counterbalance of the expression levels of Ago2 and TNRC6A proteins may modulate miRNA silencing activity {#SEC3-7}
-------------------------------------------------------------------------------------------------------------

Next we examined the effect of Ago2, TNRC6A or TNRC6A-NES-mut overexpression on the activities of siRNA-based RNAi for mRNAs with perfectly complementary sequences and miRNA silencing for mRNAs with partial complementarities. RNAi and miRNA silencing are considered to be performed through different silencing mechanisms: the former requires only Ago2 protein and small RNA *in vitro* ([@B35]) but the latter requires GW182 family proteins in addition to Ago/small RNA ([@B3],[@B4]).

To analysis the respective activities, we used short hairpin RNA (shRNA) against CXCR4 with *Renilla* luciferase reporter constructs containing a perfectly complementary site or four bulged target sites, respectively, for CXCR4 shRNA in its 3′UTR (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}; [@B36]). Consistent with the previous reports ([@B37],[@B38]), Ago2 overexpression enhanced RNAi activity in a dose dependent manner (Figure [7C](#F7){ref-type="fig"}), and such RNAi-enhancing effect by Ago2 was similarly or slightly observed when TNRC6A-WT or any types of its mutant proteins were co-expressed (Figure [7D](#F7){ref-type="fig"}). Contrary, overexpression of TNRC6A-WT weakened RNAi activity dose-dependently (Figure [7C](#F7){ref-type="fig"}). Such RNAi-reducing effect was evidently reduced by the overexpression of TNRC6A-NES-mut (Figure [7C](#F7){ref-type="fig"}), which is localized predominantly in the nucleus. Overexpression of TNRC6A-WT or -NES-mut did not affect the expression level of endogenous Ago2 protein (Supplementary Figure S10). These results suggest that the reduction of RNAi activity may be dependent on the cytoplasmic machinery. The similar results were obtained by siRNA against CXCR4 (Supplementary Figure S11A). When the empty vector of Ago2 protein, pFLAG/HA, was transfected with TNRC6A-WT or TNRC6A-NES-mut expression constructs, unambiguous reduction of RNAi activity was also observed, although the reduction level is rather low for TNRC6A-NES-mut compared to that for TNRC6A-WT (Figure [7D](#F7){ref-type="fig"}). However, such RNAi-reducing effects were marginal when the TNRC6A proteins deleting Ago-binding motifs were overexpressed (Figure [7D](#F7){ref-type="fig"}; TNRC6A-del.GW-I+II+III and TNRC6A-del.GW-I+II+III-NES-mut). These results may indicate that the excessive amount of cytoplasmic TNRC6A proteins repress the RNAi activity by the endogenous Ago2 proteins via direct or indirect interaction with Ago proteins mainly in the cytoplasm.

![TNRC6A overexpression modulates RNAi and miRNA silencing activities induced by shRNA. (**A** and **B**) The schematic base-pairing patterns between CXCR4 siRNA and *Renilla* luciferase mRNA harboring a perfectly complementary target site for CXCR4 siRNA (A) or four target sites with a central bulge (B) in its 3′UTR, which was encoded by psiCHECK-CXCR4-PM or -MM 4x, respectively. (**C** and **E**) HeLa cells were transfected with a mixture of the following four plasmids: psiCHECK-CXCR4-PM (C) or -MM 4× (E), pGL3-Control, pSUPER-CXCR4 or control pSUPER-DsRed, without or with 2.5, or 25, 250 ng/well of pFLAG/HA, pFLAG/HA-Ago2, pmyc-GFP-TNRC6A-WT, or pmyc-GFP-TNRC6A-NES-mut. Two day after transfection, luciferase activities were measured. The relative luciferase activity of pSUPER-CXCR4-transfected cells against that of control pSUPER-DsRed-transfected cells was set to '1'. The data were shown as the mean and standard deviation of the triplicate measurements. The actual values of relative luciferase activities of the control cells transfected with shRNA expression constructs alone were 3.4 ± 0.36% (C), and 2.1 ± 0.14% (E), respectively. (**D** and **F**) HeLa cells were transfected with a mixture of the following five plasmids: psiCHECK-CXCR4-PM (D) or -MM 4× (F), pGL3-Control, pSUPER-CXCR4 or -DsRed, 250 ng/well of pFLAG/HA or pFLAG/HA-Ago2, without or with 250 ng/well of the indicated TNRC6A expression constructs. Two day after transfection, luciferase activities were measured. The relative luciferase activity of pSUPER-CXCR4-transfected cells against that of pSUPER-DsRed-transfected cells with pFLAG/HA transfection was set to '1'. The actual values of relative luciferase activities of the cells transfected with pFLAG/HA alone were 3.4 ± 0.29% (D), and 3.1 ± 0.23% (F), respectively.](gkv1026fig7){#F7}

Unlike the effect on RNAi activity, Ago2 overexpression attenuated miRNA silencing activity in a dose dependent manner (Figure [7E](#F7){ref-type="fig"}). The similar results were also obtained by siRNA against CXCR4 (Supplementary Figure S11B). In addition, Ago2 overexpression did not affect the expression level of endogenous TNRC6A protein (Supplementary Figure S10). This contradictory result for RNAi and miRNA silencing by the overexpression of Ago2 proteins might be interpreted by the increased level of small RNA-Ago2 complexes. When Ago2 protein is overexpressed, free small RNAs may be loaded on the newly synthesized Ago2 proteins. Such small RNA--Ago2 complexes in the cytoplasm is known to act for enhancement of RNAi activity ([@B35]). However, since GW182 family proteins are necessary for miRNA silencing in addition to Ago proteins, actual miRNA silencing activities decreased by Ago2 overexpression. Consistent with this interpretation, when TNRC6A-WT or TNRC6A-NES-mut protein was co-expressed with Ago2 protein, the activities of miRNA silencing were enhanced compared to the overexpression condition of Ago2 alone (Figure [7F](#F7){ref-type="fig"}). In addition, the necessity of interaction between TNRC6A and Ago2 proteins for enhancement of miRNA silencing activity was also confirmed by the result that the transfection of expression constructs for TNRC6A-del.GW-I+II+III or TNRC6A-del.GW-I+II+III-NES-mut could not increase the miRNA silencing activities (Figure [7F](#F7){ref-type="fig"}).

The overexpression of either of TNRC6A-WT or TNRC6A-NES-mut, also attenuated miRNA silencing activity, although the attenuating effect was weaker for TNRC6A-NES-mut than that for TNRC6A-WT (Figure [7E](#F7){ref-type="fig"} and [F](#F7){ref-type="fig"}, and Supplementary Figure S11B), suggesting that the event for reducing miRNA silencing activity by TNRC6A overexpression may occur mainly in the cytoplasm. TNRC6A is known to associate with various cytoplasmic components essential for miRNA silencing, such as PABPC1, PAN2-PAN3 and CCR4-NOT deadenylase complexes. Most of the excessively synthesized TNRC6A proteins is also assumed to interact with these cytoplasmic components, but their interaction with Ago proteins are over-saturated and all of the TNRC6A proteins interacting with these components could not necessarily interact with Ago proteins in HeLa cells. Such imbalance of protein levels among Ago, TNRC6A, and other components might result in the reduction of miRNA silencing activity. This was also speculated by the results of the overexpression of TNRC6A proteins without Ago-binding motifs. The overexpression of TNRC6A-del.GW-I+II+III or TNRC6A-del.GW-I+II+III-NES-mut proteins also reduced the miRNA silencing activities (Figure [7F](#F7){ref-type="fig"}), probably because they also captured the TNRC6A-associated components.

DISCUSSION {#SEC4}
==========

In this paper, we found that TNRC6A protein is tethered in the cytoplasm under overexpression condition of Ago proteins (Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"} and Supplementary Figures S1--S5). Furthermore, myc-GFP-tagged TNRC6A-WT or TNRC6A-NES-mut lacking all of three Ago binding GW-motifs was not able to be tethered in the cytoplasm and predominantly localized in the nucleus even under overexpression condition of Ago2 (Figure [4](#F4){ref-type="fig"} and Supplementary Figure S2), strongly suggested that the direct interaction between TNRC6A and Ago2 is essential for cytoplasmic anchoring of TNRC6A by Ago2 overexpression. TNRC6A has three independent Ago binding motifs ([@B9],[@B10]), meaning that one molecule of TNRC6A protein is potentially able to bind three molecules of Ago proteins. However, multiple Ago-binding to TNRC6A was not necessary for the inhibition of nuclear transport of TNRC6A under overexpression condition of Ago, because TNRC6A mutants harboring only one GW-motif, either of GW-I or GW-II, were able to be tethered in the cytoplasm (Figure [4](#F4){ref-type="fig"} and Supplementary Figure S2). The result indicated that the binding of one molecule of Ago protein with TNRC6A is necessary and enough for cytoplasmic localization of TNRC6A-NES-mut protein. In our previous study ([@B10]), TNRC6A-NES-mut proteins were transported into the nucleus along with Ago2 proteins and miRNAs under normal condition in HeLa cells when Ago2 protein was not overexpressed ([@B10]). This might be contradictory paradox for this study. However, although we could not determine whether all TNRC6A-NES-mut proteins observed in the nucleus evidently associated with Ago2 proteins or not in our previous report ([@B10]), it was revealed that Ago2 proteins interacting with TNRC6A-NES-mut proteins increased by Ago2 overexpression in this study (Supplementary Figure S6). This means that free TNRC6A-NES-mut proteins without Ago2 interaction abundantly exist in the cells without Ago2 overexpression. Furthermore, Ago2-binding of TNRC6A was not essential for translocation of TNRC6A into the nucleus, because TNRC6A-del.GW-I+II+III-NES-mut can translocate into the nucleus without interaction with Ago2 ([@B10]). Thus, although a part of TNRC6A-NES-mut protein may be certainly translocated into the nucleus with Ago2 and miRNAs, the remaining may be moved to the nucleus without interaction with Ago2 proteins in the normal condition. While this manuscript was being revised, Schraivogel *et al*. reported that Ago proteins as well as TNRC6 proteins are able to shuttle between the cytoplasm and the nucleus and Ago expression level affects nuclear import of TNRC6A ([@B39]). They demonstrated that TNRC6 proteins are imported into the nucleus by the Importin-β pathway but Ago2 is not. Thus, their results advocate our previous results that TNRC6A proteins are not necessarily translocated into the nucleus with direct interaction with Ago2 proteins.

In the Ago2 overexpression conditions, the cytoplasmic anchoring of TNRC6A proteins was revealed to be strongly associated with Ago2 anchoring in the P bodies. TNRC6A-NES-mut was colocalized with Ago proteins in the cytoplasmic foci, which size increased according to the Ago overexpression (Supplementary Figures S1 and S4). Such cytoplasmic foci were marked by P body markers, such as Dcp1 and RCK/p54, even under Ago2 overexpression condition (Supplementary Figure S7), indicating that such foci may be P bodies. However, overexpression of P body marker proteins, Dcp1 and RCK/p54, could not anchor TNRC6A proteins in the cytoplasm and did not form P bodies similar to those formed by Ago2 overexpression (Figure [5](#F5){ref-type="fig"}). Furthermore, the overexpression of TNRC6A did not form such large foci ([@B10]), demonstrating that the increasing of cytoplasmic P body size may mainly due to the accumulation of increased amount of Ago proteins by their overexpression. It is known that untranslating mRNAs accumulate in the P bodies ([@B40]), suggesting that the associations between Ago2-bound small RNAs and the untranslating mRNAs in the P bodies might cause the Ago2 aggregation in P body. This was clearly indicated by the results of Ago2-Y529E protein (Figure [6](#F6){ref-type="fig"}). The overexpression of wild type Ago2 inhibited the nuclear transport of TNRC6A-NES-mut protein, but that of Ago2-Y529E did not. The reason was considered to be the marginal amount of small RNAs can loaded on Ago2-Y529E proteins, so that Ago2-Y529E could not sufficiently associate with untranslating mRNAs in the P bodies (Figure [6](#F6){ref-type="fig"}).

Taken together, although Ago2 overexpression might not be the actual and ideal situation, the following model about the anchoring of TNRC6A in the cytoplasmic P bodies by Ago overexpression can be considered (Figure [8](#F8){ref-type="fig"}): excessive amount of Ago proteins increases the size of P bodies by their accumulation in the P bodies and is strongly tethered through interaction between Ago-bound small RNAs and their target RNAs in the P bodies, and then TNRC6A is anchored in the P bodies via its direct interaction with Ago. Schraivogel *et al*. showed that Ago overexpression inhibits the binding of Importin-β to TNRC6A ([@B39]). This result does not conflict with our model, because the previous report demonstrated that Importin-β is not colocalized with P bodies ([@B41]), suggesting that it might not be able to access the P bodies where TNRC6A is anchored by Ago proteins.

![Hypothetic model of contol of the subcellular localization of TNRC6A proteins by Ago proteins. In human HeLa cells expressing a small amount of Ago proteins (*left*), most of free TNRC6A proteins are distributed in the cytoplasm and shuttles between the nucleus and the cytoplasm using its own NLS and NES, and a part of them may brings Ago-small RNA complexes into the nucleus from the cytoplasmic small P bodies. In the cells expressing a large amount of Ago proteins (*right*), they are strongly tethered in the P bodies probably through interaction between Ago-bound small RNAs and untranslating mRNAs, and enlarges the size of P bodies to form large foci. Most of TNRC6A proteins are then anchored in the P bodies via its direct interaction with abundant amount of Ago proteins.](gkv1026fig8){#F8}

We showed that RNAi activity for cytoplasmic mRNAs by Ago2 overexpression enhanced RNAi activity in a dose dependent manner (Figure [7C](#F7){ref-type="fig"}) in accordance with the previous reports ([@B37],[@B38]). For RNAi activity, since only Ago2 protein and small RNA are necessary for induction of RNAi ([@B35]), the absolute amount of Ago2 protein may regulate RNAi activity in the cells. However, RNAi activity is inhibited by the overexpression of TNRC6A-WT more severely than TNRC6A-NES-mut (Figure [7C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}). Since TNRC6A-WT is predominantly localized in the cytoplasm but TNRC6A-NES-mut is in the nucleus ([@B10]), TNRC6A-WT may have a profound effect on the RNAi activity in the cytoplasmic mRNA, in this case *Renilla* luciferase mRNAs. One possible mechanism for inhibition of RNAi in the cytoplasm is inhibition of processing and/or Ago loading of small RNA. It is reported that PIWI domains of Ago proteins interacts with either GW182 family proteins ([@B5],[@B8]) or Dicer ([@B42],[@B43]), which required for inducing RNAi by processing of shRNA into small RNA ([@B44]) and promoting small RNA loading onto Ago2 ([@B45]). The excessive amount of cytoplasmic TNRC6A may competitively disturb the interaction of Dicer with Ago2 and may result in the inhibition of RNAi activity. However, siRNA but not shRNA against CXCR4, which is not necessary for Dicer cleavage, also showed the similar effects (Supplementary Figure S11), suggesting that the inhibition of RNAi effect is not due to the inhibition of direct interaction between Ago and Dicer by the overexpression of TNRC6A protein. Therefore, other possible mechanism(s) of inhibition of RNAi and miRNA silencing induced by overexpression of TNRC6A protein is that the interaction between TNRC6A protein with Ago2 protein inhibits RNAi and miRNA silencing by inhibiting siRNA loading into Ago2 or interaction with target mRNA.

In addition, we also showed that Ago2 overexpression attenuated miRNA silencing (Figure [7E](#F7){ref-type="fig"} and [F](#F7){ref-type="fig"}). This result is consistent with the recent report which showed that Ago2 overexpression reduces off-targeting effects of siRNA ([@B38]), because the mechanism of siRNA-based off-target effect is considered to be similar to that of miRNA silencing ([@B46]--[@B48]). Not only Ago2 but also TNRC6A or TNRC6A-NES-mut overexpression attenuated miRNA silencing under normal condition (Figure [7E](#F7){ref-type="fig"} and [F](#F7){ref-type="fig"}). However, previous reports showed that TNRC6s overexpression enhanced miRNA silencing ([@B14],[@B49]). Such contradictory result may be explained by our experiments that TNRC6A or TNRC6A-NES-mut overexpression enhanced miRNA silencing under overexpression condition of Ago2 whereas their overexpression reduced miRNA silencing activity under normal condition (Figure [7E](#F7){ref-type="fig"} and [F](#F7){ref-type="fig"}). Therefore, the relative expression levels between Ago and TNRC6 proteins might determine the effect of TNRC6 proteins on the miRNA silencing. These suggest that the counterbalance in the expression levels of Ago and GW182 family proteins might regulate miRNA silencing activity: the excessive amount of either Ago or TNRC6 proteins may competitively inhibit function of Ago proteins and reduce the miRNA silencing activity. In our experimental conditions, it is unambiguously revealed that the proportions between Ago proteins and a human GW182 protein, TNRC6A, in association with other components may be important for regulating miRNA silencing activity. The subcellular localization of one of the essential components for miRNA silencing, TNRC6A, may play a key part in modulation of silencing efficiently. However, as all our results about RNAi and miRNA silencing were dependent on the experiments of the overexpression of tagged proteins, we cannot exclude the possibility that these might not necessarily be results from actual and ideal conditions.

Our results showed that at least ∼2-fold increase of Ago2 protein inhibited the nuclear transport of TNRC6A in HeLa cells (Figure [3](#F3){ref-type="fig"}). It was reported that the amount of Ago2 protein is about 60% of total cellular Ago family proteins (Ago1∼4) in HeLa cells ([@B50]). Thus, ∼2-fold increase of Ago2 protein corresponds approximately ∼1.6-fold increase of total cellular Ago proteins, meaning that such small amount of increase might inhibit the nuclear transport of TNRC6A if all Ago proteins had same activities for cytoplasmic anchoring of TNRC6A. The expression levels of Agos differ in various types of tissues or cell lines, and are affected by tumorigenesis and cell signaling ([@B27],[@B51]--[@B57]). Therefore, it is considered that cytoplasmic tethering of TNRC6A by excessive amount of Ago proteins might occur in some types of tissues or cell lines.

One possible biological significance of cytoplasmic tethering TNRC6A by Ago overexpression might promote the cytoplasmic function of Ago and/or TNRC6A or inhibit nuclear function(s) of TNRC6A. In accordance with our results, recent reports have suggested that human GW182 proteins might function in the nucleus as well as in the cytoplasm ([@B10],[@B22]--[@B24]). However, precise function(s) of nuclear GW182 proteins are not well understood. Future analyses will uncover the significance of the regulation of TNRC6A subcellular localization.
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